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We have theoretically studied the photon statistical properties in a nonlinear whispering-gallery-
mode microresonator coupled with two nanoparticles. By tuning the relative position of two
nanoparticles, the photon statistical features of the system can be modified remarkably. Inter-
estingly, a controllable switching between unconventional and conventional photon blockade can be
realized by manipulating the angular positions of two nanoparticles. We also investigate the influ-
ence of the Kerr effect on the second order correlation function and find that there is an optimal
choice for the relative position of two nanoparticles and the strength of Kerr effect that can generate
strong antibunching. Furthermore, under the strong driving, two photon blockade can be achieved
when the system is close to an exceptional point. Our work may provide an effective way to control
photon statistical characteristics and have potential applications in quantum information science.
I. INTRODUCTION
A single photon source, an indispensable device for
generating photons at the single-photon level, plays a
central role in diverse areas such as quantum cryptog-
raphy [1], quantum information processing [2], single-
photon transistor [3], quantum computation [4] and so
on. The photon blockade is one of most attractive mech-
anisms for constructing a single photon source. In close
analog to Coulomb blockade for electrons [5, 6], the pho-
ton blockade is a striking quantum phenomenon, where
the excitation of a photon blocks the transport of sub-
sequent photons for the nonlinear cavity so that they
are emitted one by one. As a consequence, the cavity
can only host one photon at a time, acting as a “photon
turnstile” [7, 8]. In 2005, the photon blockade was first
demonstrated experimentally with a single atom trapped
in an optical cavity [9]. Subsequently, the strong anti-
bunching behaviors were predicted in various experimen-
tal setups including a quantum dot in a photonic crys-
tal [10, 11] and circuit cavity quantum electrodynamics
systems [12–14]. In these works, the observation of anti-
bunching requires large nonlinearities with respect to the
decay rate of the system, so it is known as “conventional
photon blockade”.
Apart from the single photon blockade, the multi-
photon blockade has also attracted much interest due
to its potential applications in multiphoton quantum-
nonlinear optics like an n-photon source (n > 1) [15].
To date, the multi-photon blockade has been studied in
various configurations [16–20]. For instance, the two-
and three-photon blockade can be observed in a system
consisting of a cavity with Kerr nonlinearity driven by
a weak classical field [16]. The prerequisite for realizing
multi-photon blockade in this system is the presence of
strong nonlinearities. Another method to realize three-
photon blockade is based on the collective decay of two
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atoms trapped in a single-mode cavity with different cou-
pling strengths [17]. In this scheme, the two-photon and
three-photon blockades strongly depend on the location
of two atoms in the strong-coupling regime. Recently, the
two-photon blockade was first observed in an atom-driven
cavity quantum electrodynamics system [21]. Although
many progress on the study of multi-photon blockade
has been made, the accomplishment of the multi-photon
blockade is still challenging in experiments.
In 2010, Liew and Savona found a new mechanism for
the photon blockade, where strong photon antibunching
can be obtained even with nonlinearities much smaller
than the decay rates of the cavity modes [22]. This
mechanism is referred to as the “unconventional photon
blockade”. Its feature can be understood as destructive
quantum interference between different excitation path-
ways from the ground state to the two-photon states.
Since then, a sequence of theoretical proposals based on
this mechanism were suggested in many different sys-
tems including, for example, a bimodal optical cavity
with a quantum dot [23–29], symmetric and antisymmet-
ric modes in weakly nonlinear photonic molecules [30],
coupled optomechanical systems [31, 32]. More recently,
the unconventional photon blockade was experimentally
observed in two coupled superconducting circuit res-
onators [33] and in a quantum dot embedded in a bimodal
micropillar cavity [34].
In parallel, the physical systems described by non-
Hermitian Hamiltonians have also attracted much in-
terest [35–39], because such Hamiltonians exhibit spe-
cial degeneracies known as exceptional points, at which
two or more eigenvalues and the corresponding eigen-
vectors coalesce. In 2001, the physical existence of the
exceptional point was experimentally demonstrated in
microwave cavities [40]. Subsequently, a variety of un-
conventional effects have been observed in experiments,
such as loss-induced coherence [41, 42], unidirectional las-
ing [43], wireless power transfer [44], and exotic topolog-
ical states [45, 46]. In recent experiments [47–49], by
coupling two nanoscale scatters (i.e. nanoparticles) to
a whispering-gallery-mode (WGM) micro-toroid cavity,
2the system can be steered in a precise and controlled
manner to the exceptional point. The presence of two
nanoparticles within the mode volume of the cavity leads
to the asymmetric backscattering of counter-propagating
optical waves, which can be adjusted by manipulating the
relative position of two nanoparticles. In the vicinity of
the exceptional points, some counterintuitive effects have
been shown including loss-induced revival of lasing [42],
ultra-sensitive sensor [47], chiral lasing [48] and optome-
chanically induced transparency [50].
Motivated by above works [47–50], one question that
arises naturally is whether the asymmetric coupling of
two counter-propagating optical waves affects the pho-
ton statistical properties of cavity modes. In the pre-
vious works [25–27, 30], studies on the unconventional
photon blockade are based on the symmetric coupling of
the optical modes. According to the optimal conditions,
the required Kerr nonlinearity decreases with increasing
coupling strength of the optical modes. It means that
strong photon antibunching with weak Kerr nonlinearity
requires large optical coupling between optical modes,
which is not easy to realize in the experiments. Here, we
consider the asymmetric coupling of two optical modes in
one resonator and study the new possibility of controlling
the photon blockade by tuning the relative angular posi-
tion of two nanoparticles along the circumference of the
nonlinear microresonator. In fact, adjusting the relative
position of two nanoparticles corresponds to the change
in the relative phase of the coupling coefficients without
increasing the amplitudes of coupling constants. We find
that the relative phase of the coupling coefficients plays
a crucial role in modifying the photon statistical prop-
erties of the system. By tuning the relative position of
two nanoparticles, the photon statistical properties can
be well controlled and the switching between unconven-
tional and conventional photon blockade can be realized.
We also investigate the influence of the Kerr nonlinearity
strength on the photon statistics properties. Further-
more, in the vicinity of an exceptional point, two-photon
blockade effect can be achieved under the strong driving.
Our work, with weak nonlinearity but without requiring
strong coupling between optical modes, can be realized
within current experimental techniques.
The remainder of the paper is organized as follows.
In Sec. II, the theoretical model and Hamiltonian are
described for the nonlinear WGM microresonator cou-
pled with two nanoparticles. In Sec. III, the output
power spectra of the WGM microresonator system are
presented. Subsequently, in Sec. IV, the photon sta-
tistical properties of present system is analytically and
numerically discussed. Finally, a summary of the main
results is given in Sec. V.
II. THEORETICAL MODEL
As shown in Fig.1, we consider a WGM microresonator
with Kerr medium coupled to an optical fiber waveguide
FIG. 1. Schematic diagram of the WGM microresonator with
Kerr medium coupled with two nanoparticles which is co-
herently driven by a pump field at frequency ωL through an
optical tapered fiber waveguide. The WGM microresonator
supports two counterpropagating modes (clockwise mode aˆC
and anti-clockwise mode aˆA), which can be asymmetrically
coupled through backscattering by two nanoparticles. β is
the relative angle between two particles.
for in- and out-coupling of light. With its circular ge-
ometry, the WGM cavity supports clockwise and anti-
clockwise travelling modes with degenerate eigenfrequen-
cies ωc and the same decay rate γ = γex + γin. γex is the
external decay rate (the outgoing coupling coefficient)
from the WGM microresonator into the tapered fiber
and γin is the intrinsic decay rate. Two nanoparticles are
placed in the evanescent field of the resonator, which can
tune the coherent backscattering of clockwise and anti-
clockwise travelling modes inside the resonator. In the
presence of the optical loss, the system considered here is
an open system and the Hamiltonian is non-Hermitian.
A. Review of the two-mode approximation model
In order to give a full description of this open sys-
tem, we first briefly review the two-mode approximation
model and the eigenmode evolution in a WGM microres-
onator with nanoscatter-induced broken spatial symme-
try. The two-mode approximation model was first phe-
nomenologically introduced for deformed microdisk cav-
ities [51, 52] and was later rigorously derived for the mi-
crodisk with two scatterers [53]. The key idea is to model
the dynamics in the slowly-varying envelope approxima-
tion in the time domain with a Schro¨dinger-like equation
idΨ/dt = HΨ. Here, Ψ is the two-component column
vector (ΨA,ΨC)
T , where the superscript T indicates the
matrix transpose. The complex-valued entry ΨA (ΨC)
stands for all the field amplitudes of the anti-clockwise
(clockwise) propagating waves. Since the microcavity is
an open system, the corresponding effective Hamiltonian,
H =
(
Ω J1
J2 Ω
)
(1)
3is a 2 × 2 matrix, which is in general non-Hermitian.
The real parts of the diagonal elements Ω are the fre-
quencies and the imaginary parts are the decay rates of
the resonant traveling waves. The complex-valued off-
diagonal elements J1 and J2 are the backscattering coef-
ficients, which describe the scattering from the clockwise
(anti-clockwise) to the anti-clockwise (clockwise) travel-
ling wave. In general, in the open system the backscatter-
ing is asymmetric, |J1| 6= |J2|, which is allowed because
of the non-Hermiticity of the Hamiltonian. A short cal-
culation shows that the complex eigenvalues of H are
Ω± = Ω±
√
J1J2 and the complex (not normalized) right
eigenvectors are
Ψ± =
( √
J1
±√J2
)
. (2)
Clearly, in the case of asymmetric backscattering one
component of a given eigenvector is larger than the other
component. Physically, it means that the eigenvectors
show an imbalance of clockwise and anti-clockwise com-
ponents if the backscattering is asymmetric. For the par-
ticular case of the WGM microresonator perturbed by
two scatterers the matrix elements of H are determined
as follows [47, 48, 53],
Ω = ωc − iγ
2
+
2∑
j=1
ǫj, (3a)
J1 =
2∑
j=1
ǫje
−i2mβj , (3b)
J2 =
2∑
j=1
ǫje
i2mβj , (3c)
wherem is the azimuthal mode number, βj is the angular
position of scatterer j and 2ǫj is the complex frequency
splitting that is introduced by scatterer j alone. ǫj can be
calculated for the single-particle-microdisk system either
fully numerically (using, e.g., the finite element method
(FEM) [54], the boundary element method (BEM) [55]),
or analytically using the Green’s function approach [56].
In recent experiments, ǫj can be adjusted by tuning the
distance between the resonator and the particles. Here,
we take the position of one of the nanoparticles as the
reference position. For example, take the orange particle
(in Fig.1) as the first particle and set its angular position
to be β1 = 0, then the angular position of the second
particle is β2 = β, where β represents the relative angular
position of the two scatters. Therefore, the asymmetric
backscattering coefficients of counterpropagating waves,
induced by the nanoparticles, can be reduced to
J1,2 = ǫ1 + ǫ2e
∓i2mβ . (4)
It is noted that the relative angular β is of great impor-
tance, since it can modify the photon statistical proper-
ties of the system (see discussions below).
Although the two-mode approximation model was
given for the isolated microdisk cavity perturbed by two
particles, it is still valid in the waveguide-cavity systems
by assuming that there is no backscattering of light be-
tween the microcavity and the waveguides. It can be jus-
tified when the distances between cavity and waveguides
are sufficiently large. Note that, the extension of the
two-mode model to waveguide-cavity systems has been
introduced and tested in recent experiments [47, 48].
B. The Hamiltonian of our model
Based on above discussions, we will give a theoret-
ical description of our model. To make our scheme
work, a driving laser of frequency ωL is applied to the
system via the evanescent coupling of the optical fiber
and the resonator, the field amplitudes are given by
F =
√
γexPL/~ωL, where PL is the pump power. In
the frame rotating with the input field frequency ωL, the
Hamiltonian of this system is described by
Hˆsys =∆(aˆ
†
CaˆC + aˆ
†
AaˆA) + U(aˆ
†
Caˆ
†
CaˆCaˆC
+ aˆ†Aaˆ
†
AaˆAaˆA) + J1aˆCaˆ
†
A + J2aˆ
†
CaˆA
+ iF (aˆ†C − aˆC) (5)
where ∆ = ∆c + Re(ǫ1 + ǫ2), and ∆c = ωc − ωL. The
nonlinear Kerr coefficient is given by U = ~ω2ccn2/n
2
0Veff ,
where c is the speed of light in vacuum, n0 and n2 are
the linear and nonlinear refractive index of the material
and Veff is the effective mode volume. aˆC (aˆA) and aˆ
†
C
(aˆ†A) are the photon annihilation and creation operators
of the clockwise modes (anti-clockwise modes), satisfy-
ing the bosonic commutation relations [aˆC, aˆ
†
C] = 1 and
[aˆA, aˆ
†
A] = 1.
In above Hamiltonian (5), the first term denotes the en-
ergy of the WGM microresonator in the rotating frame.
The second term represents the Kerr nonlinear interac-
tion. The third and fourth terms are the coherent cou-
pling of the clockwise mode with anti-clockwise mode. In
general, J1 6= J2, which can be tuned by the relative an-
gular position of two nanoparticles and the distance be-
tween nanoparticles and the WGM microresonator. Due
to this asymmetric coupling between two counterpropa-
gating modes, some interesting, controllable photon sta-
tistical properties will be shown in our system. The last
term describes the interaction between the cavity field
and the input field.
III. OUTPUT POWER SPECTRA OF THE
WGM MICRORESONATOR
Before discussing the photon statistical properties of
our system, we first study the system output power spec-
tra. As mentioned above, when two nanoparticles are
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FIG. 2. (a) The system output transmission spectra as a
function of the optical detuning ∆/γin under different relative
angle β. (b) Transmission as a function of the optical detuning
∆/γin and the angle β. Here, we have selected γex/γin = 1,
ǫ1/γin = 1.5 − 0.1i, ǫ2/γin = 1.4999 − 0.101489i, U/γin =
0.059, F/γin = 0.01 and m = 4.
placed along the circumference of the resonator, the sys-
tem exhibits fully asymmetric internal backscattering.
The position of each particle can be controlled by a
nanopositioner, which tunes the relative position and ef-
fective size of the nanotip in the WGM fields [47, 48].
By carefully tuning the relative positions of two parti-
cles, the system can be steered to an exceptional point.
For the present system, the nanoparticles induced fre-
quency splitting of the optical modes can be derived as
∆ω = ±√J1J2, thus the corresponding critical value of
β can be obtained as [50]
βc =
lπ
2m
∓ arg(ǫ1)− arg(ǫ2)
2m
(l = ±1,±3, ...), (6)
where ∓ corresponds to J1 = 0 or J2 = 0. Here,
ǫj (j = 1, 2) are complex numbers, and we assume
|ǫ1| = |ǫ2|. arg(ǫj) denotes the argument of complex
number ǫj . In the vicinity of the exceptional points,
some unconventional effects may occur. Thus, it is of
great interest to investigate the output power spectra of
such coupled system when the relative position of two
particles varies.
According to the Hamiltonian (5) above, the dynamics
of the coupled system can be described by the quantum
Langevin equations
d
dt
aˆC =
(
−γopt
2
− i∆− 2iUaˆ†CaˆC
)
aˆC − iJ2aˆA + F + aˆCin,
(7a)
d
dt
aˆA =
(
−γopt
2
− i∆− 2iUaˆ†AaˆA
)
aˆA − iJ1aˆC + aˆAin,
(7b)
where aˆCin and aˆ
A
in are the input vacuum noises of the cav-
ity modes, respectively. γopt = γin − Im(ǫ1 + ǫ2) is the
total optical loss. Under the mean-field approximation,
we assume that the mean values of these noise operators
are zero, i.e., 〈aˆCin〉 = 〈aˆAin〉 = 0. Here, we are interested
in the influence of relative position of two nanoparticles
on the system output power spectra. Under weak Kerr
nonlinearity U ≪ γin, we can easily omit the Kerr inter-
action terms in above Eq.(7). Furthermore, we assume
that all of the time derivatives in the quantum Langevin
equations are set to be zero. Thus, it is easy to obtain
steady-state values of the dynamical variables as
〈aˆC〉 = F (γopt/2 + i∆)
(γopt/2 + i∆)2 + J1J2
, (8a)
〈aˆA〉 = −iFJ1
(γopt/2 + i∆)2 + J1J2
, (8b)
Note that J1J2 = ǫ
2
1 + ǫ
2
2 + 2ǫ1ǫ2 cos(2mβ). We can see
that the β-dependent optical coupling rate indeed affects
the intracavity optical intensity. By using the standard
input-output relations, i.e., 〈aˆout〉 = 〈aˆin〉 − √γex〈aˆC〉,
we obtain the the normalized power forward transmission
spectra
T =
∣∣∣∣〈aˆout〉〈aˆin〉
∣∣∣∣
2
=
∣∣∣1− γex
F
〈aˆC〉
∣∣∣2 . (9)
When the Kerr terms are included, the exact expression
of 〈aˆC〉 (〈aˆA〉) can not be obtained generally. Therefore,
we numerically calculate the solutions to equations (7)
under the mean-field approximation and plot the trans-
mission rate versus detuning under different relative an-
gular position of two particles in Fig. 2(a). Here, we have
selected the experimentally accessible values γex/γin = 1,
ǫ1/γin = 1.5− 0.1i, ǫ2/γin = 1.4999− 0.101489i, U/γin =
0.059 and m = 4 [47, 48, 50]. With these parameters, the
exceptional point corresponds to the angular position at
βc ≈ 0.4. Fig. 2(a) shows the β-dependent transmis-
sion rate with two nanoparticles, featuring a asymmetric
spectrum around the resonance due to the asymmetric
backscattering between the clockwise- and anticlockwise-
travelling waves. More interestingly, when β is set to be
π/8 (in the vicinity of the exceptional points), the trans-
mission spectra demonstrates only one local minimum at
5the resonance. For β = π/16, strong absorption is shown
around ∆/γin = 2. However, by tuning the system close
to the exceptional point (namely, β = π/8), a trans-
parency window emerges. Hence, an optical switching
(at ∆/γin = 2) can be achieved by adjusting the rela-
tive angular position of two particles. For completeness,
we plot the transmission spectra versus driving field de-
tuning and relative angle between two nanoparticles in
Fig. 2(b).
IV. PHOTON STATISTICAL PROPERTIES OF
THE WGM MICRORESONATOR WITH TWO
NANOPARTICLES
A. General formalism
To correctly account for the driven-dissipative char-
acter of the system, we introduce the quantum master
equation for the system density matrix,
dρˆ
dt
= −i[Hˆsys, ρˆ] + γ1L[aˆC]ρˆ+ γ2L[aˆA]ρˆ (10)
where L[xˆ]ρˆ = xˆρˆxˆ† − 12 xˆ†xˆρˆ − 12 ρˆxˆ†xˆ is the Lindblad
superoperator term for the collapse operator xˆ acting on
the density matrix ρˆ to account for losses to the environ-
ment. γ1 and γ2 denote the damping constant of clock-
wise mode and anti-clockwise mode, respectively. Here,
the decay rates of the resonator modes are assumed to
be equal, i.e., γ1 = γ2 = γopt. The steady-state solution
ρss of the density matrix ρˆ can be obtained by setting
dρˆ/dt = 0 in Eq. (10). To observe the photon blockade,
we focus on the statistic properties of clockwise mode
photons, which are described by the zero-delay-time sec-
ond order correlation function of the steady state, defined
by
g
(2)
C (0) =
〈aˆ†Caˆ†CaˆCaˆC〉
〈aˆ†CaˆC〉2
=
Tr
(
ρssaˆ
†
Caˆ
†
CaˆCaˆC
)
[Tr(ρssaˆ
†
CaˆC)]
2
. (11)
This physical quantity emphasizes the joint probability
of detecting two photons at the same time. The value
of g
(2)
C (0) < 1 (g
(2)
C (0) > 1) corresponds to sub-Poisson
(super-Poisson) statistics of the cavity field, which is a
nonclassical (classical) effect. This effect of the sub-
Poisson photon statistics is often referred to as photon
antibunching.
B. Weak driving limit
If the driving field coupling F is very weak, due to
photon blockade, only lower energy levels of the cavity
field are occupied (the total excitation number of the
system doesn’t exceed 2). In this case, the truncated
state of the system can be expanded as
|ψ〉 =C00|00〉+ C10|10〉+ C01|01〉
+ C11|11〉+ C20|20〉+ C02|02〉. (12)
Here |mn〉 represents the fock state basis of the system
with the numberm denoting the photon number in clock-
wise cavity mode, n denoting the photon number in anti-
clockwise cavity mode. Cmn stands for the probability
amplitude and |Cmn|2 denotes occupying probability in
the state |mn〉. Using Eq.(11) and Eq.(12), the second
order correlation function g
(2)
C (0) can be approximately
given as
g
(2)
C (0) ≃
2|C20|2
|C10|4 . (13)
The result of Eq.(13) can be used to approximately de-
scribe the photon statistical properties in the weak driv-
ing limit. To obtain the coefficients Cmn in Eq.(12), we
can substitute the state |ψ〉 into the Schroo¨dinger’s equa-
tion i ∂
∂t
|ψ〉 = H˜ |ψ〉, where H˜ = Hˆsys − iγopt2 (aˆ†CaˆC +
aˆ†AaˆA). Then, we get a set of equations for the coeffi-
cients
i
∂
∂t
C00 ≃ 0, (14a)
i
∂
∂t
C10 = iFC00 + ∆¯C10 + J2C01 − i
√
2FC20, (14b)
i
∂
∂t
C01 = J1C10 + ∆¯C01 − iFC11, (14c)
i
∂
∂t
C11 = iFC01 + 2∆¯C11 +
√
2J1C20 +
√
2J2C02,
(14d)
i
∂
∂t
C20 = i
√
2FC10 +
√
2J2C11 + 2(∆¯ + U1)C20, (14e)
i
∂
∂t
C02 =
√
2J1C11 + 2(∆¯ + U2)C02, (14f)
where ∆¯ = ∆− iγopt2 .
Under the weak driving condition F ≪ γin, we have
|C00| ≫ |C10|, |C01| ≫ |C20|, |C11|, |C02|, thus C20 and
C11 can be removed in the Eq.(14b) and Eq.(14c). The
vacuum state C00 approximately has unity occupancy.
Then, the steady-state solution can be found by solving
the coupled equations for the coefficients. For simplicity
of presentation, only C10 and C20 are given as below:
C10 =
−iF ∆¯
∆¯2 − J1J2
,
C20 =
1
2
√
2
F 2[J1J2U + 2∆¯
2(∆¯ + U)]
(∆¯2 − J1J2)[J1J2(∆¯ + U)− ∆¯(∆¯ + U)2]
.
(15)
With Eq.(13) and Eq.(15), we can approximately obtain
the analytical expression of the second order correlation
function and the optimal condition for the photon block-
ade. However, the exact expressions for the condition
6FIG. 3. The second order correlation function log10[g
(2)
C (0)]
as a function of the detuning ∆/γin under various relative
angular positions β of two nanoparticles. The parameters
have been selected the same as in Fig.2.
g
(2)
C (0) ≈ 0 are too cumbersome to be presented here.
Interestingly, from Eq.(15), it is obvious that the second
order correlation function is closely related to the rela-
tive angular position of two particles. In particular, in
the vicinity of exceptional points, i.e., β = βc ≈ 0.4,
g
(2)
C (0) ≃ |∆¯|2/|∆¯+U |2. It means that the system shows
stronger photon antibunching effect as the Kerr nonlin-
earity increases. When β 6= βc, the case becomes differ-
ent. The in-depth discussions and results of numerical
calculation by the master equation approach for differ-
ent parameter conditions are presented in the following
subsections.
C. Single photon blockade
In this subsection, we study the photon statistical
properties of the nonlinear WGM microresonator sys-
tem with two nanoparticles by numerically solving the
master equation (10). Figure 3 displays the second or-
der correlation function g
(2)
C (0) of the cavity mode aˆC
in a logarithmic scale as a function of the detuning
∆/γin under various relative angular positions β of two
nanoparticles. Here, we consider the weak Kerr nonlin-
earity U/γin = 0.059. We can see that the profile of the
second-order correlation function in a logarithmic scale
log10[g
(2)
C (0)] varying with the detuning ∆/γin exhibits a
peak-dip structure. With the increasing of the detuning
∆, the value of log10[g
(2)
C (0)] first arrives at the maximum
and then at the minimum. For β = π/4, the maximum
value at the peak is about 0.5 while the minimum value
at the dip is about −3.0. Interestingly, the photon statis-
tics can be changed dramatically by tuning the value of
relative angular position β. We find that the value of the
second order correlation function g
(2)
C (0) is about 0.92
when ∆/γin = 0.3 and β = π/8. However, by tuning the
parameter β to π/4 and keeping ∆/γin = 0.3, the value
FIG. 4. Energy-level and transition path diagram of the
WGM system with two nanoparticles. The quantum inter-
ference between different paths leads to strong antibunching
effect.
of g
(2)
C (0) rapidly decreases to 0.002, which indicates the
strong antibunching effect.
The physical grounds behind the photon antibunching
under the weak Kerr effect can be explained by the ef-
fect of quantum interference between different pathways,
as shown in Fig.4. There are two paths for the system
to reach the two photon state of clockwise cavity mode
:(i) the direct path, i.e., |00〉 F−→ |10〉 F−→ |20〉, and (ii)
tunnel-coupling-mediated transition |00〉 F−→ |10〉 J1−→
|01〉 F−→ |11〉 J2−→ |20〉. With proper choice of param-
eters, the photons coming from the two pathways would
destructively interfere. In other words, the destructive
quantum interference between the direct path and the in-
direct path can reduce the probability in the two-photon
excited state, this is known as unconventional photon
blockade. In present model, strong antibunching effect
can be achieved through adjusting the relative phase of
coupling coefficients J1 and J2, instead of increasing the
amplitudes of them. Thus, the relative phase β plays
a crucial role in the photon statistical properties of the
system. In particular, when the system is steered close
to an exceptional point (i.e., β ≈ 0.4), the indirect path
|00〉 F−→ |10〉 J1−→ |01〉 F−→ |11〉 J2−→ |20〉 is blocked due to
the fact that J1 = 0 or J2 = 0 in the vicinity of the ex-
ceptional point. Only the direct path to the two photon
state is allowed and then strong antibunching requires
large nonlinearities, which is just the feature of the con-
ventional photon blockade. Accordingly, a controllable
switching between the unconventional and conventional
photon blockade can be realized by tuning the relative
angle β.
In our model, another factor affecting the photon sta-
tistical properties is the Kerr nonlinearity. Figure 5
plots the second order correlation function g
(2)
C (0) in a
logarithmic scale versus Kerr nonlinearity U/γin under
various values of β by fixing the value of detuning at
∆/γin = 0.4. In contrast to the conventional photon
7FIG. 5. The second order correlation function in a logarith-
mic scale log10[g
(2)
C (0)] versus Kerr nonlinearity U/γin under
various values of β by fixing ∆/γin = 0.4. All other param-
eters are given the same as in Fig.2. The black dotted line
denotes the position where log10[g
(2)
C (0)] = 0.
blockade, the value of g
(2)
C (0) does not always monoton-
ically decrease with the increase of the strength of Kerr
nonlinearity. It’s worth noting that there exists a local
minimum value of g
(2)
C (0), which can be adjusted by tun-
ing the value of β. It suggests that the photon antibunch-
ing can be further enhanced with an optimal choice for
the relative position β and Kerr coefficient U . In previous
works [25–27, 30], achieving strong photon antibunching
with weak Kerr effect requires a large coupling strength
between cavity modes. Here, we only need to tune the
relative angular position β of two nanoparticles without
requiring the large coupling strength J1,2. Note that, in
the vicinity of the exceptional points, i.e. β = π/8, the
local minimum in the curve disappears. With increasing
the strength of Kerr effect, the value of g
(2)
C (0) mono-
tonically decreases. The physical reason is that, at the
exceptional point, quantum interference between differ-
ent pathways is suppressed and the second order corre-
lation function g
(2)
C (0) shows the features of conventional
photon blockade.
D. Two photon blockade
Next, we consider the strong-pumping case (e.g.,
F = 2γin), where the photon excitation becomes much
stronger. This allows for the implementation of two-
photon blockade where the presence of two photons sup-
presses the addition of further photons. To demon-
strate the two photon blockade effect, we plot the equal-
time second order field correlation function (g
(2)
C (0) =
〈aˆ†2C aˆ2C〉/〈aˆ†CaˆC〉2) and third order field correlation func-
tion (g
(3)
C (0) = 〈aˆ†3C aˆ3C〉/〈aˆ†CaˆC〉3) in logarithmic units as
a function of the normalized detuning ∆/γin under vari-
ous values of β in Fig.6(a)-(c). Here, the system param-
eters are chosen as the same as those used in Fig.2. It is
FIG. 6. The second order (blue solid curve) and third or-
der (red dot-dashed curve) correlation function as a function
of the detuning ∆/γin under various relative positions β in
(a)-(c); (d) The second and third order correlation function
as a function of relative positions β by fixing the detuning
∆/γin = −2.8. Here we have selected F/γin = 2. All other
parameters are given the same as in Fig.2. The black dotted
line denotes the position where log10[g
(n)
C (0)] = 0 (n = 2, 3).
The two-photon bunching and three-photon antibunching can
be achieved in the grey area.
noteworthy that, in the vicinity of the exceptional points
(i.e. β = π/8 ≈ βc), clear signatures of two photon block-
ade phenomena (g
(2)
C (0) > 1, and g
(3)
C (0) < 1) are shown
in the grey area of Figure.6(c). When β 6= βc, the two
photon blockade phenomena disappear and at the mean
time single photon blockade appears. The physical rea-
son is that when the system is not near the exceptional
points destructive quantum interference between differ-
ent pathways leads to strong photon antibunching, so the
two photon bunching is greatly suppressed. On the con-
trary, at the exceptional points, the two-photon bunching
and three-photon antibunching can be realized under the
strong driving because of the uneven energy levels of the
system. This feature leads to an optical switching from
the single-photon blockade to the two-photon blockade by
just tuning the relative angular position of two nanopar-
ticles. To show this switching operation, we plot the
second order (blue solid curve) and third order (red dot-
dashed curve) field correlation functions as a function of
the relative angular position β/π in Fig.6(d) by fixing
the detuning ∆/γin = −2.8. Moreover, Kerr effect are
also crucial for the degree of three photon antibunching.
Figure 7 plots the second order and third order field cor-
relation functions versus Kerr nonlinearity strength by
fixing the relative angular position β = π/8 and detun-
ing ∆/γin = −2.8. From fig.7, we find that two photon
blockade effect occurs in the grey region. Therefore, the
8FIG. 7. The second order (blue solid curve) and third order
(red dot-dashed curve) correlation function as a function of
the Kerr nonlinearity strength U/γin by setting ∆/γin = −2.8,
β = π/8, F/γin = 2. All other system parameters used here
are the same as in Fig.2. The black dotted line denotes the
position where log10[g
(n)
C (0)] = 0 (n = 2, 3). The two-photon
blockade can be achieved in the grey area.
choice of relative position β and Kerr nonlinearity U is
very important for achieving the two photon blockade in
the system discussed here.
V. CONCLUSIONS
In conclusion, we have studied the photon statistical
properties in the nonlinear WGMmicroresonator coupled
with two nanoparticles. By tuning the relative angular
position β of two nanoparticles, the photon statistical
properties of the system can be well controlled and the
switching between unconventional and conventional pho-
ton blockade can be achieved. We also investigate the
influence of the Kerr effect on the second order corre-
lation function and find that there is an optimal choice
for relative position β and Kerr coefficient U to generate
strong antibunching. Moreover, under the strong driving,
two photon bunching and three photon antibunching can
be achieved when the system is steered to the exceptional
points. Compared with previous schemes (i.e. requiring
large optical coupling between cavity modes), our scheme
presented here is a good candidate for the realization
of nonclassical light generation using small nonlinearities
and weak driving fields.
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